We present a study on the ultrafast third-order nonlinearities of a novel series of iso-polydiacetylene oligomers ͑iso-PDAs͒. Unlike polydiacetylenes that contain a linearly-conjugated backbone, iso-PDAs have a backbone that is cross-conjugated. A new Kerr-gate technique, differential optical Kerr effect ͑DOKE͒ detection, is used to measure third-order nonlinear susceptibilities, (3) , and second hyperpolarizabilities, ␥, of monomer, dimer, trimer, pentamer, and heptamer samples in tetrahydrofuran ͑THF͒ solutions. A linear increase in ␥ as a function of the number of repeat units is observed for all samples except the monomer, suggesting that the fixed-length linearly conjugated segments dominate the electronic polarizability. An added increase to the oligomer nonlinearities due to communication along the cross-conjugated path is not observed. The largest nonlinearity was observed in the heptamer sample, displaying a second hyperpolarizability relative to the THF solvent of ␥ heptamer /␥ THF ϭ181Ϯ9. In addition, an interesting feature arising out of the signal decay tail is present in the samples but absent in our THF solvent reference.
I. INTRODUCTION
For the past 25 years, scientists have searched for materials with high nonlinear susceptibilities and ultrafast response times. One of the main goals of such research is the development of viable all-optical switching devices.
1,2 For practical applications, nonlinear materials will also require sufficient transparency, stability, speed, and processability. 3 Early on, the benefit of delocalized electronic structure has pointed towards -conjugated organic chromophores and polymers as potential candidate materials. Studies of long, linearly conjugated polyacetylenes 4 and polydiacetylenes 5 have revealed these materials to have very high nonlinearities. Furthermore, studies of the relationship between the third-order susceptibility, (3) , and conjugation length have shown that extending the -conjugated path by increasing the number of double and triple bonds significantly increases the nonlinearities. 2, 6, 7 However, as the conjugation length increases, the maximum absorption wavelength, max , increases as well, rendering these materials insufficiently transparent for many practical applications. It is becoming apparent that the current trend of attempting to maximize (3) and second hyperpolarizability, ␥, by simply increasing the length of the linearly conjugated backbones of various oligomers will not yield materials of sufficient merit.
Several research groups have identified the need to study a variety of structure-property relationships of -conjugated materials in an attempt to understand how to better engineer useful materials with high third-order nonlinearities. These groups have studied properties ranging from symmetry and planarity to pendant functionality. [8] [9] [10] [11] [12] Modes of conjugation have also been explored, including spiro-and cross-conjugation. 10, 13, 14 Because -delocalization is less efficient across a cross-conjugated bridge, studying various aspects of electronic communication in cross-conjugated systems is necessary if we are to understand the important aspects of the nonlinear responses in organic materials. Furthermore, it is important to compare how cross-conjugation contributions to ␥ correlate with preliminary UV-vis spectroscopic studies that suggest only limited communication. 15 For these reasons we have undertaken to study the effect of cross-conjugation on the third-order nonlinearities of isopolydiacetylene-based oligomers.
II. THE OPTICAL KERR EFFECT
The optical Kerr effect ͑OKE͒ is an optically induced birefringence in an isotropic medium. 16 In a standard homodyne Kerr gate, [17] [18] [19] [20] [21] [22] an intense, linearly polarized pump pulse, polarized, for example, at 45°to the horizontal, excites a birefringence in an isotropic medium. The change in the index of refraction induced by the pump pulse, ␦n ϭ␦n ʈ Ϫ␦n Ќ , between the parallel and perpendicular axes to the pump polarization can be probed by a weaker probe pulse that is polarized, say, horizontally. The induced birefringence, ␦n, manifests itself as retardation in the probe beam polarization and may be detected by use of a postsample analyzer. Furthermore, the probe beam may be time delayed with respect to the pump pulse, yielding a temporal profile of the induced birefringence. When the pump pulse arrives well before the probe pulse, there is no induced birefringence and no probe light passes through the crossed polarizers. When the two pulses arrive simultaneously at a sample dominated by an ultrafast electronic nonlinearity, the probe beam experiences the maximum rotation in polarization given by
where n 2 is the nonlinear index of refraction and is proportional to (3) , is the wavelength, d is the sample length, and I pump is the pump intensity in units of W/m 2 . The quantity n 2 can be considered as a modification to the linear index of refraction such that the total index of refraction is given by nϭn 0 ϩn 2 I pump , n 0 being the linear index of refraction. (3) is obtained from n 2 by
where n 2 is in units of m 2 W Ϫ1 and (3) is in esu, the respective units currently in favor. 23 The molecular second hyperpolarizability, ␥, may be obtained by
where N c is the molecular number density in cm Ϫ3 and L 4 is the Lorentz field-factor which may be approximated by ͓(n 0 2 ϩ2)/3͔ 4 for isotropic liquid media.
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Since the homodyne detection scheme operates with crossed polarizers, the detected signal is proportional to the square of the pump intensity. As a consequence, this technique is unable to separate the real and imaginary components of (3) . Furthermore, because this detection scheme operates with fully crossed polarizers, the obtained signal is extremely small and may be of the same order or smaller than typical noise levels. In an attempt to separate the real and imaginary components of (3) and to obtain signals much larger than the ambient scatter noise, another detection scheme, optical heterodyne detection ͑OHD-OKE͒, is used by many research groups. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] In OHD-OKE, a quarter-wave plate (/4) is placed between the probe polarizer and sample such that the fast axis of the quarter-wave plate is parallel to the polarizer. By slightly rotating the polarizer fast axis, /2 out-of-phase light may be added to the probe beam. Depending on the angle chosen for the polarizer, this technique can provide the real or imaginary components of the nonlinear response directly from the Kerr signal. This scheme works in the regime where the transmitted signal is linear with pump intensity.
III. EXPERIMENT

A. Differential optical Kerr effect "DOKE… setup
We have developed a modification to the OHD-OKE scheme. Figure 1 presents a schematic of our differential optical Kerr effect ͑DOKE͒ detection setup. The complete description and analysis of this setup will be discussed elsewhere. Briefly, our DOKE setup is similar to various optical biasing schemes routinely used in the field of free-space electro-optic sampling of terahertz pulses. 38, 39 The pump and probe pulses are generated by an amplified Ti:sapphire laser producing 800 nm, 100 fs pulses at a 1 kHz repetition rate. A computer-controlled stage is used to vary the delay between the pump and probe pulses. The pump pulse is polarized 45°t o the horizontal before being focused onto a 1 mm sample path-length quartz cuvette filled with a sample solution. The much weaker probe beam is initially polarized vertically by a Glan-laser polarizer and then passes through a quarter-wave plate oriented to produce circular polarized light. Typical pump and probe powers at the sample location are between 0.5 and 6 mW for the pump beam and 50-80 W for the probe beam. The probe light is focused to overlap in the sample with the pump beam at a near coincident angle, Ͻ5°. Typical spot sizes for the pump and probe beams are 500 and 240 m, respectively. The pump beam is blocked post sample while the probe light is allowed to travel to a second Glan-laser polarizer acting as the analyzer. Here, the transmitted and rejected beams are separated and directed to a pair of balanced photodiodes. Photodiode ''A'' receives the rejected beam, and photodiode ''B'' receives the transmitted beam. The pump beam is chopped at 125 Hz, and lock-in detection is used to monitor the AϪB signal. The AϩB signal is detected at 1 kHz using a separate lock-in amplifier. Finally, these signals are sent to a computer used for data acquisition and delay-stage control.
The key feature of the DOKE setup is that the AϪB detection acts as our Kerr effect signal. If Im( (3) ) is small, AϩB acts as a probe beam reference. In the presence of nonlinear absorption such as two-photon absorption, the A ϩB signal provides independent detection of the Im( (3) ) processes. The photodiodes are calibrated in such a way that in the absence of any birefringence, A and B signals are equal and AϪB is zero.
Consider a vertically polarized probe beam and a sample with an induced birefringence of ϭЈϩiЉ, where Ј and Љ are the real and imaginary components of the phase retardation, respectively. If after passing through a quarterwave plate set with fast axis at 45°, the beam is incident on the sample, the detected signal ratio is given by
This relationship is valid when the pump and probe beams are initially polarized at 45°to each other. However, when the pump is polarized vertically ͑same as the initial probe pulse polarization͒ the detected signal ratio is
and contains only the imaginary contribution to (3) . Thus, by alternating between the two pump polarization conditions, it is possible to separate Ј and Љ terms, yielding the real and imaginary components of (3) . Clearly, in the absence of absorptive nonlinearities, Љϭ0, Eq. ͑5͒ gives a null signal and Eq. ͑4͒ is simply
a purely real response. Much like the heterodyne scheme, DOKE detection obtains signals that are linear with pump and probe intensity. However, the DOKE technique affords a larger dynamic range of linear signal than the typical heterodyne scheme. Furthermore, we have found that in comparison to OHD-OKE, the DOKE signals are larger, making detection easier.
There are numerous factors that hinder the comparison of exact ␥ and (3) values. 10, 11, 23, 40 To avert many of the pitfalls in reporting exact nonlinearity values, it is extremely useful to report them relative to some reference material. Quite often, that reference material is the solvent. Thus, when reporting exact values obtained from relative values, the values for the reference material should also be reported. Furthermore, simply generating (3) values that are comparable to those reported in the literature may not be a sufficient indication of proper Kerr effect detection. However, there are several typical material responses that can act as verification of proper detection. Two such features are the slow decay tail of the CS 2 Kerr effect signal, shown in Fig.  2͑a͒ , and the excitation of vibrational modes in CCl 4 , as shown in Fig. 2͑b͒ . The long tail in CS 2 shows an exponential decay time of 1.72 ps that is consistent with the CS 2 decay times in the range of 1.7 ps to 1.79 ps reported extensively in the literature. 26, 27, 35, 37, 41 In addition, with short optical pulses, the two optically active modes in CCl 4 these features and acts as an indication that our DOKE detection setup compares favorably with others.
B. Sample preparation
For this work, we have synthesized a novel class of isopolydiacetylene ͑iso-PDA͒ oligomers, as described in Fig. 3 . The phenylated iso-PDA oligomers were synthesized stepwise using a procedure analogous to that published for alkyl substituted derivatives. 42 All oligomers have been fully characterized by 13 C and 1 H NMR, IR and UV-Vis spectroscopies, and HRMS. These compounds are stable under ambient conditions and require no special handling precautions. Full synthetic details will be published elsewhere. Samples were prepared by dissolving solid oligomer samples in high-purity tetrahydrofuran ͑THF͒ to give solutions of 0.1-0.23 M. Typically, solutions were made to 0.6 mL as the quartz cuvette has a sample path length of 1.0 mm and is able to hold 0.4 mL of solution. Samples were measured for nonlinearities and UV-Vis absorbances within 24 h of sample preparation. The sample nonlinearities were probed at 800 nm, which is far from resonance, as may be seen in Fig. 4 . Table I lists relevant properties and results for the sample series. The DOKE signals for the oligomer series and the THF reference signal are presented in Fig. 5 . The Kerr signal is smooth everywhere along the time-profile except at a probe delay time near 0 ps, where pump-probe coherent grating effects give rise to random on-peak noise. 26, 27 This noise is significantly reduced by the averaging of several scans. Each time-resolved scan in Fig. 5 is comprised of an average of five scans. (3) nonlinearities for samples in solution are obtained from these signals using the following equation:
IV. RESULTS AND ANALYSIS
S (3) ϭ R (3) ͩ S R ͪ ,
͑7͒
where S (3) and R (3) are, respectively, the sample and reference susceptibilities and S and R are, respectively, the measured rotation in polarization of the sample and reference.
A concentration test on the dimer sample was conducted to verify a linear relationship between concentration and signal, as shown in Fig. 6 . Clearly, for the concentration ranges used for these iso-PDAs, the sample and solute may be considered noninteractive, and the samples are dilute enough to contribute additively to the (3) signals. No evidence of aggregation was observed for any sample. The molecular sec -FIG. 4 . ͑a͒ UV-Vis absorption spectra of the oligomer samples at the concentrations used for the OKE studies. The scale shows that the absorption edge, max , has nearly saturated by the heptamer (nϭ7) sample. ͑b͒ The full absorption spectrum for the oligomer samples. n is the number of repeat units in the sample. ond hyperpolarizabilities for the oligomer series are obtained directly from the peak signals in Fig. 5 using
We use THF as a reference for all samples. Using the treatment given in Sec. II, we obtain a reference value of (3) R ϭ2.1ϫ10 Ϫ14 esu. It should be noted that (3) R is not (3) THF , as it includes contributions of the quartz cuvette. 43 Separating the effects of the sample holder yields Ϫ14 esu ͑ ϭ620 nm͒ 29 and ␥ THF ϭ4.8ϫ10 Ϫ37 esu 45 reported elsewhere. Final ␥ values for the samples may be found in Table  I and are plotted in Fig. 7 . Sample hyperpolarizabilities are calculated from the peak DOKE signals. The peak signals are at zero probe delay time, implying that the ultrafast electronic response is the most significant contributor to the oligomer nonlinearities.
In solution, unless the samples exhibit marked differences in nonlinear molecular dynamics from the solvent, the time-resolved excitation profiles will follow that of the solvent. The THF signal shows a nearly symmetric excitation attributed to the purely electronic polarizations. There is a small, noninstantaneous component to the signal. This component is due to the small asymmetry in THF and is attributed to nuclear responses. On initial inspection of the sample signals, it appears that their excitation profiles follow that of the THF reference, showing no inherit long-time dynamics. However, as seen in Fig. 8 , close inspection clearly reveals a feature in the response tail that can be described as a distinct hump that arises out of the otherwise smooth signal decay tail. This feature is unique to the oligomer samples as it is clearly absent from the solvent response. Furthermore, this excitation appears to have a fairly quick rise time as is seen from the sharp ''kink'' in the heptamer signal. This feature is very small, at a little less than 1% of the peak electronic signal, and cannot at present be separated from the relaxing signal tail. In addition, the feature is seen to grow in strength from the monomer to the heptamer, yet it remains at the same delay time for all the samples.
V. DISCUSSION
In these compounds, the longest linearly conjugated path does not increase by increasing the number of repeat units. Instead, the number of fixed-length linearly conjugated paths increases as shown by the thick, solid line in Fig. 3 . Thus, we no longer have a molecule that polarizes freely along its entire length. This property significantly affects the absorption energies of the oligomer. As shown in Fig. 4 , iso-PDAs exhibit high energy edges, and are transparent at much longer chain lengths as compared to the polydiacetylenes. 46 Figure 4͑a͒ clearly shows the samples as measured to be completely transparent at 800 nm. Furthermore, for the cross-conjugated oligomer series, max values have reached saturation near the stage of the heptamer. These oligomers have the additional feature that although one dimension has lower -delocalization along the cross-conjugated backbone, the transverse axis is hatched with linearly conjugated arms affording increases in ␥ ͑compared to the monomer͒ without significant reduction of the optical transparency.
As expected, the molecular hyperpolarizability increases as a function of oligomer length. As seen in Fig. 7 , the iso-PDA series shows an order of magnitude increase in ␥ from the monomer to the heptamer. This is consistent with the increase in the number of fixed-length linearly conjugated paths as the number of repeat units in the oligomer is increased. The effect of adding -delocalization paths is expected to produce a linear increase in ␥ as a function of n, the number of repeat units in the molecule. A linear fit for the values from dimer to heptamer was performed and is presented in Fig. 7 . Clearly, the monomer sample has a much lower nonlinearity than the other samples in the series. This is due to the fact that the linear-conjugation path does not reach its maximum length until the dimer sample ͑see Fig.  3͒ . For nу2 in the oligomer series, the longest linearly con- jugated path length is fixed and constant, but larger than that of the monomer. Indeed, the nonlinearities of these samples seem to be governed by -communication along the linearly conjugated paths. This is seen from the linear increase in sample hyperpolarizabilities as repeat units are added. Additional communication along the cross-conjugated backbone might be expected to give a superlinear curve in Fig. 7 . Such an increase is not observed for this oligomer series. Increasing the number of repeat units to nϭ9 -15 should yield more conclusive trends in sample hyperpolarizabilities, perhaps resolving any effects on the nonlinearities arising from electronic communication along the cross-conjugated backbone.
Noninstantaneous behavior is observed in the samples, as shown in Fig. 8 . This behavior arises in the oligomer signals roughly 0.4 ps after maximum pump-probe overlap and is not present in the solvent signal, eliminating the possibility that this hump is an experimental artifact in the pump-probe DOKE setup. In the heptamer sample, this feature appears as a kink in the decay profile, illustrating the quick rise time of this feature. The low signal and limited resolution currently prevent further analysis, and the origin of this feature is not fully understood at this time. However, future studies, especially with iso-PDAs extended to longer chain length, should yield better resolution of this feature.
VI. CONCLUSIONS
We have studied the third-order nonlinearities of a novel, cross-conjugated, iso-polydiacetylene-based oligomer series as a function of the number of repeat units. The measurements were performed using a unique optical Kerr-gate detection technique called differential optical Kerr effect, or DOKE, which represents a modification of the OHD-OKE scheme. Values of ␥ monomer ϭ(9.2Ϯ0.4)ϫ10 Ϫ36 esu, ␥ dimer ϭ(30.3Ϯ0.3)ϫ10 Ϫ36 esu, ␥ trimer ϭ(49Ϯ4)ϫ10 Ϫ36 esu, ␥ pentamer ϭ(69Ϯ5)ϫ10 Ϫ36 esu, and ␥ heptamer ϭ(95Ϯ4) ϫ10 Ϫ36 esu were obtained, relative to a THF reference of ␥ THF ϭ(0.52Ϯ0.12)ϫ10 Ϫ36 esu. These compounds show a rise in the molecular second hyperpolarizability, ␥, as the chain length is increased from the monomer to the heptamer. This increase in ␥ can be attributed to an increase in the number of fixed-length linearly conjugated paths. No added contribution to the nonlinear response attributable to the cross-conjugated backbone has been observed. In addition, an interesting feature in the sample signals was observed about 0.4 ps after the instantaneous electronic Kerr response. This feature suggests molecular dynamics effects, but at present the source of the response in unaccounted for. Extension of the oligomer series to nϭ15, for example, should provide more concrete trends in sample nonlinearities. The study of longer oligomer lengths is in progress.
